N-Heterocyclic carbene-catalyzed oxidative esterification of ferroceneboronic acid by aromatic and heteroaromatic aldehydes affords the new ferrocenol hetaryl and aryl esters 1 -4, 6 -8 and 9 -11. The reaction takes place under mild conditions. The X-ray crystal structure of ferrocenyl esters 3, 6, 11 was determined.
Introduction
Ferrocene is considered to be one of the most prominent molecules in modern organic and organometallic chemistry [1] - [3] . Recently, ferrocenyl-substituted compounds have found widespread application in medicinal chemistry [4] - [16] , material science [17] - [21] and asymmetric catalysis [22] - [25] . Ferrocene is a source for artificial receptors [26] , biosensors [27] - [29] , liquid crystals [30] [31] and redox-active structures [32] - [37] .
Nesmeyanov first reported hydroxyferrocene in 1959, generating it from either ferroceneboronic acid FcB (OH) 2 (via reaction with Cu(OAc) 2 and then potassium hydroxide) [38] or by alkaline hydrolysis of the acetate generated from FcBr and Cu(OAc) 2 [39] . Hydroxyferrocene is a yellow, very air-sensitive labile solid and a slightly weaker acid than phenol [40] . Due to relative instability its chemistry is not fully developed yet. Ferrocenol esters were synthesized by acylation of ferrocenol with carboxylic acid chlorides [41] , but the more convenient method for their preparation is Cu-assisted reaction of haloferrocenes with carboxylic acids [39] [42]- [44] . Here we present a preparative route to ferrocenol esters from easily available ferroceneboronic acid [45] - [47] , avoiding isolation of hydroxyferrocene. The structure of esters deduced from their X-ray diffraction analysis is also discussed. Optical properties and electrochemical behavior of ferrocenol esters were reported in our preliminary communication [48] .
Results and Discussion

Synthesis
Recently oxidative esterification of aromatic (heteroaromatic) aldehydes was disclosed [49] - [54] . The reaction utilizes an organocatalytic N-heterocyclic carbene activation-airobic oxidation of aldehydes in the presence of areneboronic acids. Involving FcB(OH) 2 in this process gives straightforward route to ferrocenol esters (Scheme 1). Isolated yields of the compounds 1-11 varied within 16% -77% ( Table 1) . The proposed reaction mechanism is discussed in literature [52] [53] . Carbenе (1,3-dimesithylimidazole-2-ilidene) was generated in situ by the interaction of 1,3-dimethylimidazolidine chloride [55] with Cs 2 CO 3 .
Oxygen of the air is evidently the terminate oxidant. Therefore, we tried to bubble the air into the reaction vessel to improve the yield. However, only in the case of compound 11, the yield increased to some extent, with other compound yields being unaffected by this improvement.
At room temperature, esters 8 and 9 decompose during storage over 3 -4 days. Indeed, the stability of esters 1-11 has a decisive influence on the yields ( Table 1) .
The Structure of Ferrocenol Esters
Below is shown the X-ray crystal structure of compound 1 (Figure 1 In accord with XRD data, two independent molecules of ferrocenyl isonicotinate 10 are crystallized in the unit cell (Figure 4) . The plane of the pyridine ring in molecules is approximately perpendicular towards the plane of the cyclopentadienyl ring; planes of the independent molecules in the unit cell are also approximately perpendicular. These structural features are similar to esters 1 and 4. No any deviations from standard bonds lengths or angles in the molecules are observed and no any shortened contacts are presented in the molecular packing. 
Experimental
General
The melting points were determined on the PTP apparatus and are uncorrected. NMR spectra were recorded in CDCl 3 using a Varian Mercury Plus 300 at 300 MHz ( 1 Н) and 75 ( 13 С) МHz. Chemical shifts were referenced to solvent signals ( 13 С) and GMDS ( 1 Н). The IR spectra were recorded in Nujol on Bruker IFS 66 ps. Elemental analysis was carried out on CHNS Leco 9321P analyzer. The reaction mixture was qualitatively analyzed by GC-MS Agilent Technologies 6890N/5975B system with НР-5 ms, 30,000 × 0.25 mm column. The column was heated up to 260˚C. The same device was used for recording mass-spectra (EI, 70 eV). The crude product was purified by column chromatography on Silica gel 60 (AlfaAesar, 0.032 -0.070 mm).
General Method of Oxidative Esterification
A mixture of ferroceneboronic acid (0.105 g, 0.5 mmol), corresponding aldehyde (0.65 mmol), CsCO 3 (0.244 g, 0.75 mmol) and 1,3-bis(2,4,6-trimethyphenyl)-4,5-dihydro-1H-imidazol-3-ium chloride (0.017 g, 0.05 mmol) was suspended in toluene (10 ml), and stirred in air at 50˚C or at 70˚C for 3 or 6 h ( Table 1) . The solvent was removed under a vacuum, products were purified by flash chromatography on silica gel (petroleum ether-ethyl acetate), from 10:1 to 3:1 ( Table 1) .
Ferrocenyl 3,4-Dimethoxybenzoate (1)
Yield 76%, yellow prisms from methanol. Mp.: 131˚C -134˚C. FT-IR (Nujol, cm 
Ferrocenyl Ferrocenate (11)
This compound is already known [41] . Yield 28%, brown crystals from methanol. Mp.: 148˚C -149˚C. FT-IR (Nujol, cm 
Crystal Structure Determination
The unit cell parameters and the X-ray diffraction intensities of compounds 1, 4 were measured on a Xcalibur R diffractometer. The empirical absorption correction was introduced by multi-scan method using SCALE3 ABSPACK algorithm [56] . The structures were solved by direct method and refined by the full-matrix leastsquares method in the anisotropic approximation for all non-hydrogen atoms using the SHELX-97 program package [57] . Hydrogen atoms were located from the Fourier synthesis of the electron density and refined using a riding model.
A suitable crystal of compound 10 was selected and XRD analysis was accomplished on a Xcalibur, Eos diffractometer on standard procedure (MoK-irradiation, graphite monochromator, T = 295(2) K, ω-scanning with 1˚ step). Empirical absorption correction was applied [58] . Using Olex2 [59] , the structure was solved with the Superflip [60] 
Conclusion
Herein, we disclose the simple straightforward method for synthesis of ferrocenol esters, beginning with easily accessible ferrocenol boronic acid and aryl-(hetaryl)-aldehydes. The reaction is catalyzed by N-heterocyclic carbene (IMes) and is suitable for synthesis of substituted benzoic acid, as well as for heterocyclic acids; however, 2-and 3-pyridylcarboxylic acid ferrocenol esters are rather unstable. Limitation and scope of the method are currently under investigation in our laboratory. 1 H and 13 C NMR spectra, and researcher E.V. Baigacheva for performing elemental analyses. This study was performed under financial support by the Russian Foundation for Basic Research (Projects No. 14-03-31168-mol-a, 16-33-00147-mol-a).
Supplementary Material
CCDC 1034705 (compound 10), 1453993 (compound 1) and 1453994 (compound 4) contain the supplementary crystallographic data for this paper. The data can be obtained free of charge from The Cambridge Crystallographic Data Centre via http://www.ccdc.cam.ac.uk.
